A B S T R A C T In previous studies with isolated perfused rabbit lungs, we observed that human serum albumin (HSA) and ovalbumin, introduced into the isolated lungs as an aerosol, entered the pulmonary circulation antigenically intact. The "inhaled" proteins were also broken down in the lung. When lungs from animals immunized with one protein inhaled the two proteins simultaneously, absorption of intact antigen was specifically reduced, and there was a nonspecific increase in the appearance of metabolites of both proteins in the blood.
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In the present study, we investigated the antigenspecific and nonspecific effects of two types of hypersensitivity responses on protein absorption across the air-blood barrier of isolated rabbit lungs. In one group of lungs, an acute hypersensitivity response was induced by introducing HSA into the blood perfusing lungs from HSA-immunized rabbits. In another, the rabbits had been previously exposed to In previous studies (1) (2) (3) , we used isolated perfused rabbit lungs to investigate the effect of immunization on absorption of inhaled albumins across the alveolocapillary membrane into the blood. We found that humoral immunity resulted in an immunologically specific decrease in the absorption of intact antigens from the alveoli and a nonspecific increase in absorption of antigen breakdown products. This may partially explain observations in vivo that less intratracheally instilled antigen could be recovered from the blood of immunized than nonimmunized rabbits (4) .
Under certain circumstances, the immune response can result in harmful reactions termed "hypersensitivity." It is not known whether these inflammatory reactions may also alter protein absorption from the airways. The purpose of the present study was to investigate the uptake of specific antigen and an immunologically unrelated protein across the alveolocapillary membrane of isolated rabbit lungs undergoing two different types of hypersensitivity reactions. To assess the effect of an acute hypersensitivity response on protein absorption, we used an in vitro model of rabbit anaphylaxis developed in our laboratory (5) . To assess the effect ofchronic hypersensitivity on protein absorption, we used a rabbit model ofhypersensitivity pneumonitis, also developed in our laboratory (6) . The results indicate that, whereas the acute hypersensitivity reaction did not alter the absorption of intact inhaled proteins, chronic hypersensitivity increased permeability of the air-blood barrier to an immunologically unrelated protein. However, in spite of this increased permeability, the absorption ofspecific antigen was blocked as effectively as in lungs from immunized rabbits that were not inflamed. Treatment of animal groups. New Zealand white rabbits of either sex were immunized subcutaneously in two inguinal sites with 2 mg of HSA in complete Freund's adjuvant, and 2 wk later they were given a second 2 mg of HSA in complete Freund's adjuvant subcutaneously. 2 wk after the second injection, 10 rabbits were used for studies of anaphylaxis and 14 were exposed to aerosolized HSA daily for 3 wk before use in studies of lungs undergoing a chronic hypersensitivity reaction. Before isolation of the lungs, the antibody titer was measured on serum from each rabbit in both groups by using a tanned sheep erythrocyte passive hemagglutination assay (8) . The geometric mean HSA antibody titer in the serum of all HSA-immunized animals was 1:3,200 at the time of the experiment. There was no significant alteration in circulating antibody titer after 3 wk of HSA aerosol exposure. The rabbits weighed 3.2-3.7 kg at the time the lungs were studied.
METHODS
Isolated perfused lung preparations. Isolated rabbit lungs were mounted in a chamber where they were ventilated with negative pressure and perfused at a constant rate (160 ml/min) with autochthonous blood for 4 h, as described (1 Collection of samples and calculations. 1-ml blood samples were taken every 30 min for 4 h after the beginning of antigen inhalation. Total counts per minute (cpm), which had entered the blood by the end of each time interval, were calculated from the activity of the sample, and the circulating blood volume corrected for volume lost in sampling. At the end of each experiment, the lungs were weighed and cut into slices for measurement of radioactivity. The inhaled dose of radioactivity was determined by adding the counts per minute found in the blood and lung at the end of the experiment.
The blood samples were analyzed as described (1) . Each sample was centrifuged at 2,000 g for 15 min. Less than 1% of the whole blood counts per minute remained with the cells washed three times with 5 vol physiologic saline. An aliquot of plasma was precipitated with 5% TCA to determine the fractions of TCA-soluble and TCA-precipitable radioactivity, and the TCA fractions of plasma from each group of animals were further characterized, as described (1); antigenically intact radioactivity in the plasma was assessed by coprecipitation with pooled rabbit antiserum and antigen at equivalence. The small molecular weight TCA fractions were separated on thinlayer chromatography. Radioactivity was measured in a Packard model 575 gamma radiation counter (Packard Instrument Co., Inc., 'Downers Grove, Ill.).
Data are reported as percent of inhaled counts per minute entering the plasma in the TCA-precipitable and TCA-soluble fractions as a function of time, and the mean value of experimental groups at each sample time were compared by using Student's unpaired t test.
Influence of anaphylaxis on absorption through isolated perfused lungs. In experiments on absorption ofinhaled proteins during anaphylaxis, specific antigen, 1311-HSA, and an immunologically nonspecific protein, 1251-OA, were aerosolized for 15 min into the isolated perfused lungs of six of the HSA-immune rabbits. Then, 1 mg of unlabeled HSA was added to the blood perfusing the lung to induce an anaphylactic response, as described (5) . To determine the fate ofproteins injected directly into the blood, 1 mg each of 131I-HSA and '251-OA was added to blood perfusing lungs from four of the HSA-immune rabbits. In two of the four experiments, the proteins were infused directly into the pulmonary artery. In the other two experiments, the proteins were allowed to equilibrate with the blood for 3 min before entering the pulmonary artery.
Influence ofchronic hypersensitivity on absorption through isolated perfused lungs. The rabbits immunized with subcutaneous injections of HSA followed by daily exposure to HSA aerosol were used in these experiments. This procedure results in the development of immunologically specific chronic granulomatous inflammation as well as cell-mediated hypersensitivity in the lungs, as assessed by migration inhibitory testing (6) . The lungs were studied 16 h after the last in vivo aerosol exposure. Five animals were used to confirm the presence ofpulmonary inflammation and cell-mediated hypersensitivity, and the lungs of nine animals were studied in the isolated perfusion system for absorption of inhaled proteins. Lung sections for histologic examination were fixed in Zenker's solution and prepared for routine hemotoxylin and eosin staining. The presence of pulmonary cell-mediated hypersensitivity was tested in a direct macrophage migration inhibitory assay with bronchoalveolar cells lavaged from the lungs as described (9) . Controls. Two groups of controls were studied. Lungs from 11 nonimmunized rabbits were used to demonstrate the "normal" absorption of proteins and their metabolites from isolated lungs. Lungs from 10 HSA-immunized rabbits that had not received the chronic aerosol treatment were studied without the anaphylactic challenge. These lungs served to illustrate the alterations in protein absorption that were the result of immunization per se. Thus, any further alterations in protein absorption were the result of the hypersensitivity response.
RESULTS
Radioactivity in blood of isolated lungs. As in our previous studies with isolated rabbit lungs (1), radioactivity from inhaled 311-HSA and 125I-OA entered the pulmonary circulation of all the lungs studied in two fractions. One fraction was precipitable with 5% TCA and was also precipitable with antiserum (anti-HSAprecipitable '3'I = 0.959 x TCA-precipitable 131I; anti-OA-precipitable 125I = 0.981 x TCA-precipitable 1251) and is therefore considered to be antigenically intact protein. The other fraction was TCA soluble. Thinlayer chromatography in this TCA-soluble fraction, carried out as described (1), showed radioactivity in several bands. Approximately 80% of the 1311 on the TLC plates had mobility different from that of 125I_ labeled sodium iodide which was used as a standard, indicating that most of the TCA-soluble 1311 was not free iodine and that this fraction probably represents primarily iodinated amino acids and peptides.
Protein absorptionfrom isolated lungs after anaphylaxis. In vitro anaphylaxis was produced in isolated lungs from immunized animals by adding antigen to the perfusion system. Pulmonary arterial blood pressure rose in all lung preparations with a mean increase of 13.5 mm Hg+3.7 SE. The peak pressure was reached at m6 min and returned to base line within 15-30 min. During the pressure changes, there were also alterations in fluid volume of the lungs, as indicated by immediate volume changes in the perfusion reservoir. These volume changes were variable, consisting of a shift of 0.5-2.5 ml either out of the lung, into the lung, or both, in a biphasic fashion. The fluid volume returned to prechallenge levels following approximately the same time-course as the blood pressure changes. The initial arterial blood pressure ofthese lungs was 7.8 mm Hg+0.8 SE, which was not significantly different from normal or immunized controls (7.0 mm Hgt0.4 SE). However, by the end of the 4-h experiment the mean arterial pressure had risen slowly to an average of 26.4 mm Hgt6.6 SE, which was approximately twice as high as control values (12.4 mm Hgt0.6 SE, P < 0.001) at the end of the experiments. The mean lung weight to body weight ratio at the end of the experiment (3.7 g/kg) was not significantly different from control (3.5 glkg), indicating that edema formation was not excessive. The absorption of inhaled proteins by these lungs is summarized in Figs. 1 and 2 .
The data in Fig. 1 show the percent of radioactivity from specific inhaled antigen, 131I-HSA, which appeared in the plasma in the TCA-precipitable and the TCA-soluble fractions collected from the HSA-immune FIGuRE 2 The percent+SE of inhaled dose of 125I appearing in the plasma of isolated lungs (same lungs as in Fig. 1 FIGuRE 3 The fate of specific antigen ('31I-HSA) and a nonspecific protein (1251-OA) in the blood of the isolated lung from an HSA-immunized rabbit. 1 mg of each protein was injected into the blood (at arrow), producing a rise in blood pressure that reached its peak after 6 min. this case, only OA was initially found in the cell pellet and accumulated in the lung.
An increase in pulmonary arterial pressure was produced in all experiments in which antigen was added directly to the pulmonary arterial blood of immune lung preparations. However, in the two experiments in which the proteins equilibrated with blood for 3 min before they were allowed to enter the lung, no anaphylactic response occurred despite the fact that the antigen was taken up by the lung in the same time-course as when antigen was added directly into the pulmonary artery, suggesting that the increase in pulmonary arterial pressure during anaphylaxis was not solely due to the mechanical effects ofcomplexes and that vasoactive mediators were also involved.
Protein absorption from isolated lungs with a chronic hypersensitivity inflammatory response. We produced a chronic pulmonary inflammatory response to HSA as described by Peterson et al. (6) . Rabbits immunized to HSA by subcutaneous injection were given daily aerosol exposures to antigen for 3 wk, after which their lungs were heavier than controls, with a lung weight to body weight ratio of 5.6±1 g/kg compared with a ratio of 3.5±0.1 g/kg for lungs of normal rabbits and rabbits immunized but not chronically exposed to the aerosol. Histologic examination (Fig. 4) showed diffuse interstitial thickening as a result of a dense infiltration of mononuclear cells. The response also included occasional granulomas and increased numbers of granulocytes. In the presence of specific antigens, bronchoalveolar cells from all five inflamed lungs tested were inhibited >30% (P < 0.05) in the presence of HSA in the direct migration inhibitory assay. The lungs from normal rabbits and from immunized rabbits not chronically exposed to aerosol were normal histologically, and migration ofbronchoalveolar cells from these animals was not inhibited in the presence of HSA. During the 4 h of study in the isolated perfusion system, pulmonary arterial blood pressure of aerosol-inflamed lungs rose from 8.3 mm Hg± 1.54 SE (not significantly different from controls, 7.0 mm Hg ±0.4 SE) to 21.2 mm Hg±3.6 SE, which was -50% higher than in noninflamed lungs (12. 4 mm Hg±0.6 SE, P < 0.005).
In Figs. 5 and 6, absorption of 1311-HSA and 1251-OA from inflamed lungs of nine HSA-immunized, aerosolexposed rabbits is compared with that ofthe two control groups. The uptake of TCA-precipitable antigen from the chronically inflamed lungs (Fig. 5) was reduced relative to nonimmune lungs (P < 0.005 after 1.5 h) but was not statistically different from lungs from immunized rabbits not chronically aerosol-exposed. On the other hand, greater amounts of the TCA-soluble products of antigen were absorbed from inflamed lungs than from either of the control groups; by the first 1.5 h TCA-soluble 1311 was more than six times higher in the plasma of inflamed lungs than of nonimmune lungs (P < 0.001) and four and one-half times higher than in the immunized but noninflamed controls (P < 0.005).
It can be seen in Fig. 6 that about twice as much TCA-precipitable 1251-OA entered the plasma of inflamed than of noninflamed lungs (P < 0.02 at 4 h). The absorption of TCA-soluble 1251 from inflamed lungs appeared to be enhanced relative to nonimmune lungs, but the difference was only statistically significant from 1.5 through 3 h (P < 0.05) and no different from immune controls.
DISCUSSION
The results of this study indicate that the absorption of inhaled radioiodinated proteins across the alveolocapillary membrane of isolated lungs is altered during certain types of hypersensitivity reactions. Isolated lungs from HSA-immunized rabbits were in.sufflated FIGURE 5 The appearance of TCA-precipitable and TCAsoluble 13 FIGURE 6 The appearance of T soluble 1251 in the plasma of isolal with 1311-HSA to assess the s sensitivity on antigen absorpti (125I-OA) was inhaled simultan specific effects of the immu absorption.
To determine whether prot an acute hypersensitivity resp phylaxis in isolated lungs fror adding antigen to the pulmon elicited has been demonstrate be similar to that described ii a marked increase in pulmor increased airway resistance, a pliance. The absorption of intE nonantigen) from immune lui laxis was no different than fror i.e., HSA absorption was spec immune lung preparations, wl to the same extent as in nonim suggests that the rate-limiting protein across the alveolocapi changed by the anaphylaxis these studies. Boucher To study the effects of chronic hypersensitivity on nized and aerosol-exposed protein absorption, we used a rabbit model of hyperunized and nonimmunized sensitivity pneumonitis recently developed in our laboratory (6) . In immunized rabbits, prolonged aerosol exposure to antigen produced diffuse alveolitis with ,pecific effects of hyper-thickening of the air-blood barrier, extensive monoon. An unrelated protein nuclear cell infiltration with granuloma formation, and keously to assess the non-a moderate granulocyte infiltration. Cell-mediated ne reaction on protein hypersensitivity could be demonstrated in these lungs with a direct macrophage migration inhibitory assay. 'ein uptake is altered by This type of inflammation did not alter absorption of )onse, we produced ana-the specific antigen from isolated lungs as intact HSA rn immunized rabbits by was absorbed to the same extent as from HSA-immune, ary blood. The response noninflamed lungs. However, approximately twice as zd by Hakim et al. (5) to much simultaneously inhaled OA entered the plasma n intact rabbits, namely, of inflamed lungs as that of controls, apparently beiary vascular resistance, cause of a nonspecific increase in protein permeability Lnd decreased lung com-in the inflamed lungs. The type(s) of immune reaction act proteins (antigen and responsible for increased protein permeability cannot ngs undergoing anaphy-be determined from the present experiments. A local n immune control lungs, humoral mechanism may have been involved, because ifically reduced in HSA-chronic pulmonary antigen exposure can stimulate hereas OA was absorbed local antibody synthesis (16) . Alternatively, there is mune preparations. This evidence that chronic antigen stimulation in the prestransport mechanism for ence of cell-mediated hypersensitivity can cause strucIlary membrane was not tural damage to lung tissues (17) , conceivably resulting under the conditions of in a "leaky" air-blood barrier.
Absorption of the specific antigen from these chroniinduction of anaphylaxis cally inflamed lungs appeared to be effectively blocked, cation of antigen (10) or even in the presence of increased permeability to the acholine (11) resulted in nonspecific protein. In addition, there was a threefold he respiratory mucosa to increase in the amount of metabolic products of HSA ;o found an increase in in the plasma, a specific effect on antigen not seen for min breakdown products OA. This suggests two possible explanations for the s suum-sensitive rhesus data concerning specific antigen absorption: (a) Either ige (12) .
antigen was blocked before entering the blood, perhaps sults from other species because of the formation of immune complexes in the 'or example, even though lung, and was subsequently catabolized to a greater extent as a result of the increased number (or state of activation or antigen specificity) of phagocytic cells in the inflamed lungs; or (b) intact antigens may have entered the alveolar capillaries at a greater rate than normal (as a result of increased protein permeability) but formed immune complexes in the blood that were then rapidly removed from the circulation by reuptake into the lung. The question of whether other organs of the body may be exposed to greater loads of antigen or complexes in this pulmonary inflammatory disorder is of great immunologic and pathologic importance. This rabbit model has many similarities to human hypersensitivity pneumonitis in which lung biopsies frequently exhibit chronic granulomatous inflammation which is probably associated with pulmonary cellmediated hypersensitivity (18, 19) . In addition, these patients have large quantities of circulating antibodies to inhaled antigen (20) . Extension of the present study should provide a greater understanding of the fate of inhaled antigen and how normal handling of environmental antigen is modified by inflammation and immunologic reactions.
